Abstract. The influence of electrolyte concentration over holdup, flow regime transition and local flow properties in a large scale bubble column is experimentally studied. The column is 0.24 m inner diameter, 5.3 m height and the air is introduced by a spider sparger up to a superficial gas velocity of 0.2 m/s. The influence of NaCl concentration is investigated by using gas holdup and double fiber optical probe measurements. The gas holdup measurements is used for analysing the flow regime transition and the data obtained from the double fibre optical probe is used to study the local flow characteristics. It is found that the presence of NaCl, up to a critical concentration, increases the holdup. The increase in the holdup is due to the inhibition of the coalescence between the bubbles and, thus, the extension of the homogeneous flow regime.
Introduction
Bubble columns are widely used as multiphase reactors in the chemical, petrochemical, pharmaceutical, food and environmental industries. One of the key hydrodynamic parameters in bubble columns is the gas hold-up, εG, defined as the gas volume fraction in the mixture. The gas holdup, together with the mean bubble diameter, db, enables the computation of the interfacial area. The value of the gas hold-up is related to the flow regime: the homogeneous regime and the heterogeneous regime. The former is associated with small gas superficial velocities, UG, and is characterised by the presence of small, uniform-sized bubbles with negligible interactions. The latter is associated with high gas superficial velocities and is characterised by high coalescence and breakage phenomena and a wide variety of bubble sizes. In order to correct predict the holdup and the bubble size distribution, the prediction of the flow regime transition is important. It is well known that most electrolytes can drastically inhibit bubble coalescence in water [1] [2] [3] [4] [5] [6] ; when considering the role of electrolytes a key concept is the transition concentration, ct, which is defined as the concentration above which bubble coalescence is drastically reduced [4, 5] . The transition concentration depends upon the electrolyte. In case of NaCl the threshold is ct = 0.145 mol/l [7] . Depending on the concentration of the electrolyte, we may consider a "coalescent regime", for c/ct ≤ 1, and a "non-coalescent regime", for c/ct > 1. The use of electrolytes can significantly alter the gas hold-up in bubble columns, such widely reported in the literature [7] [8] [9] [10] [11] [12] [13] . The increase of εG is considered as a consequence of the stabilisation of the 1 To whom any correspondence should be addressed.
homogeneous regime upon the addition of electrolytes into water (which means an increase in the gas superficial velocity for regime transition, Utrans) [9] . Concerning the stabilisation of the homogeneous flow regime, different experimental studies have been proposed in the literature. Thorat and Joshi [14] investigated a 0.385 m inner diameter bubble column with different aspect rations (1-8), different gas spargers and using three media (water, 0.2 M NaCl, 1% CMC). The regime transition was investigated by using the Wallis plot and the homogeneous regime stability increases using NaCl: the coalescence suppression was seen to be the reason. Grover et al. [15] investigate a 0.1 m inner diameter (1.5 m height) bubble collumn using two electrolytes (NaCl, CuCl2). Using the Wallis plot, they reported a stabilisation of the homogeneous regime. Kelkar et al. [16] investigate a 0.154 m inner diameter (3.25 m height) bubble column using three electrolytes (NaCl, CaCl2 and Na2SO4). The authors reported an increase in the holdup and a negligible effect of the electrolytes above the critical concentration. Zahradník et al. [7] investigated a 0.14, 0.15 and 0.29 m inner diameter (2.6 m height) bubble columns and studied the influence of nine electrolytes. The gas hold-up grew continuously for c ⩽ ct, but little changes in εG were observed for c > ct. Moreover, under non-uniform gas distribution (heterogeneous bubbling conditions), a similar dependence of εG vs. UG was found for all electrolytes at c = ct. Ribeiro and Mewes [9] studied a 0.12 m inner diameter (1.25 m height) bubble column using three electrolytes (NaCl, Na2SO4, NaI). Four different values of electrolyte concentration were tested in the "coalescent regime" and the holdup was found to increase till the critical concentration. Despite the role of electrolyte is quite well assessed there is a lack of studies concerning large scale bubble column. Therefore, in this study, we contribute to the discussion investigating a 0.24 m inner diameter, 5 m height, (aspect ratio above 20) bubble column. The air is introduced by a spider sparger up to a superficial gas velocity up of 0.2 m/s and five NaCl concentrations (0 ≤ c/ct ≤ 1.17) are tested. We applied a method similar to the one proposed by Zahradník et al. [7] and Ribeiro and Mewes [9] in order to add a contribution comparable with the previous studies. The influence of electrolyte concentration on holdup, flow regime transition and local flow properties is investigate. In this work, the experimental part consists in gas holdup and double fiber optical probe measurements. The gas holdup measurements are compared with the literature and used for investigating the flow regime transitions. The data obtained from the double fibre optical probe were used to study the local flow characteristics at different radial positions. This experimental investigation may provide some enhancement in the comprehension of the behaviour of bubble column with electrolyte.
Experimental setup
The experimental facility ( Figure 1 ) is a vertical pipe made of Plexiglas with an inner diameter of 0.24 mm and 5.3 m height. A pressure valve regulator controls the pressure upstream the rotameters (1) and (2), used to set-up the air flow rate. The air distributor is a spider sparger with holes ranging from 1 to 4 mm. Due to the nature of the observed flow phenomena and their sensitivity to surface tension forces, clean filtered deionized water was used. During the experiments, the air was maintained at atmospheric pressure at the outlet of the test section, and the air and water temperatures were maintained constant. Five concentration of NaCl have been tested. The concentration and the ratio c/ct have been reported in table 1 . The values of gas density and superficial gas velocity are based upon the operating conditions existing at the column mid-point. The mid-point column pressure, used to compute gas density, was assumed to be equal to the column outlet pressure plus one-half the total experimental hydrostatic pressure head. 
Measurement techniques

Holdup measurements
Measurements of the bed expansion allowed the evaluation of the gas holdup εG. The procedure involves measuring the location (height) of liquid free surface when air flows in the column. The gas holdup is then obtained using the relation:
Where HD and H0 are the heights (measured from the distributor) of the free-surface after and before aeration, respectively.
Flow regime transition determination methods
Two main regimes are observed in bubble columns: the homogeneous and the heterogeneous regime. Although, the transition from the homogeneous to the heterogeneous regime does not happen instantaneously, the definition of an approximate transition point is helpful for modelling the hydrodynamic behaviour of bubble columns. In this study, we employ two models from the literature to investigate the regime transition: (i) the swarm velocity method and (ii) the drift flow method. The first method is the one developed by Zuber and Findlay [17] based on the swarm velocity:
The swarm velocity is plotted against the superficial gas velocity: Uswarm is constant in the homogeneous regime, but it starts to increase as the system enters the heterogeneous regime at a certain transition superficial velocity Utrans. The appearance of the first large bubble is responsible for such sudden increase in swarm velocity and is an indication of flow regime transition. This method has previously been also employed by Krishna et al. [18] , Letzel et al. [19] and Gourich et al. [20] , Ribeiro and Mewes [9] and Besagni et al. [21] . The second method is the drift-flux plot proposed by Wallis [22] , which has been widely applied in the literature [9, 22, 23] . This method is based on the drift flux, which represents the gas flux through a surface moving with the speed of the two-phase mixture and is experimentally obtained as follows:
Theoretically, the drift flux is written in terms of the bubble swarm velocity, whose dependence upon εε varies with the prevailing regime:
The idea in this method is to employ a model for Ub valid for the homogeneous regime, plot JE and JT in the same graph as a function of εG. In the homogeneous regime JE is equal to JT and, then, the transition point is defined when:
The evaluation of Uswarm is a matter of discussion in the literature and different models have been proposed and applied. In this study, we follow the approach of Krishna et al. [24, 25] , which is based on the empirical model of Richardson an Zaki [26] :
where n is fluid-dependent (n ≅ 2 for water) and should be fitted with the aid of the experimental data, together with u∞, the terminal velocity of an isolated bubble, in the determination of the regime transition point. From Eq. (4) and (6) results:
Local measurements
A double fiber optical probe system (RBI Instrumentation, Meyan (F)) measures local flow properties [27] [28] [29] [30] [31] [32] . The probe signal is measured via an optoelectronic module which emits the laser to the probe tip and converts the reflected optical signal into a digital signal. From the digital signal, the bubble frequency f (bubble number per unit time) and void fraction εG,Local can be obtained. By crosscorrelating the signals from the two tips, bubble traveling time from one tip to the other can be estimated and bubble velocity ub can be calculated. Assuming that bubbles are spherical, bubble Sauter mean diameter db, is calculated as:
) the spherical bubbles assumption is approximately valid whith small size bubbles (db < 3.5 mm). The following equation has been used to account for the non-sphericity of bubbles [29] :
where φ is the aspect ratio. In this work, the mean aspect ratio has been used considered 0.6, accordingly with preliminary image analysis. All the measurements have been obtained using a sampling period equal to Δtsampling = 1000s, which is large enough to produce reliable time-averaged values and is far above the typical values of 1-5 min for similar optical probes [28, 30, 31, 33] .
Results
Gas holdup measurements
The gas holdup data has been measured for superficial air velocities up to 0.2 m/s (Figure 2a) . At low air superficial, the relation between the gas holdup and the superficial gas velocity is linear, followed by a change in tendency at a certain transition superficial gas velocity. The linear trend corresponds to bubbly flow and the change in tendency is due to flow regime transition toward the transition zone. An example of flow visualisation in the bubbly flow is proposed in the Figure 4 , whereas the heterogeneous flow is presented in Figure 5 . The hold-up grew continuously with increasing electrolyte concentration till the critical concentration, such as previously reported [7, 9] (Figure 2a) . It is interesting that the holdup increase also in the homogeneous flow regime, where coalescence phenomena are limited (Figure 2b ). This was also noticed by Ribeiro and Mewes [9] . An interesting aspect is the clear non-linearity of the electrolytes effect upon the gas holdup. The curve for c/ct = 0.14 and 0.48 is already shifted to considerable higher εG values in comparison to the curve related to c/ct = 0, while the relative distance between the curves associated with c/ct = 0.48, a 0.83 and 1is considerable lower. The non linearity effect of the electrolytes upon the gas holdup was also concluded by Ribeiro and Mewes [9] . Above the critical concentration, there is no remarkable difference in the gas holdup, such as reported in the literature [7] . 
Flow regime transition analysis
The holdup increase while increasing the electrolyte concentration till the critical value. The reason for the increase of the holdup may lie in the inhibition of the coalescence phenomena. This hypothesis is in agreement with the previous literature and will be here demonstrated by analyzing the flow regime transitions. Such as previously described, two method for the flow regime transitions are employed. The results of the first method are presented in Figure 5 and the results of the second one are presented in Figure 6 . The value of the transitional gas velocity are in agreement between the two methods and, following the proposal of Ribeiro and Mewes [9] , the transition points have been evaluated as the mean of the two values. Finally the holdup and gas velocity are presented in Figure 7 . 
Another correlation is due to Reilly et al. [36] and reads:
With, the holdup at the transition: 
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For water as the liquid phase, B * = 4. The comparisons of experimental Utrans and εG,trans and these correlations are given in Table 3 . Eq. (10) largely underestimate the transition gas velocity. This observation was also made by Letzel et al [37] , who also compared their results with the correlation of Reilly et al. [36] , which provide a better agreement. On the other hand, eq. (12) and (13) gives a value for Utrans and εG,trans in agreement with the experimental data. Figure 8 and Figure 9 represent the radial optical probe measurements for c/ct = 0 and c/ct = 1.17. The local void fraction profiles are not flat, but are centre peaked and there is no remarkable difference between the two salt concentrations (Figure 8a ). This was, of course, expected, because at was low gas flow rate these is no remarkable difference in the holdup (Figure 4a and 4b) . Local void fraction , obtained with the optical probe were compared to global holdups by integrating the radial measurements over the column cross sectional area:
Optical probe measurements
Where R, is the radius of the column. Table 2 shows that the integrated local measurements were higher if compared to the global value, but they are very similar one another (as for the holdup values). The error may derive from the pressure gradient along the column. Concerning the bubble vertical velocity ub, the values are between 0.3 (near wall) and 0.5 (center of the column). Moreover, there is no remarkable differences between the two curves. 
Conclusions
This paper experimentally studies the influence of electrolyte concentration over holdup, flow regime transition and local flow properties in a large scale bubble column. The column is 0.24 m inner diameter, 5.3 m height and the air is introduced by a spider sparger up to a superficial gas velocity up of 0.2 m/s. Five NaCl concentrations were tested. The experimental investigation consists in gas holdup and double fiber optical probe measurements. The gas holdup measurements were used for investigating the flow regime transitions and the data obtained from the double fibre optical probe were used to study the local flow characteristics at different radial positions. It is found that the presence of NaCl, up to the critical concentration, increase the holdup, even for the operation in the homogeneous regime, when bubble coalescence frequencies are not high. A nonlinear increase in the gas hold-up with the electrolyte concentration was verified, whose extent was greater for small concentrations and progressively levelled off as the electrolyte content in the liquid phase was raised. The holdup measurements are used for investigating the flow regime transitions applying two methods from the literature. The flow regime transitions, depending on the NaCl concentration lies in the range between 0.0241 and 0.0338 m/s. The transitional holdup, instead, ranges between 0.0831 and 0,1209. The transitional holdup and transitional gas velocity increase while increasing the NaCl concentration, this the critical ratio. This support the hypothesis that increasing the NaCl concentration, the homogeneous flow regime is stabilized and, thus, the holdup increase by the inhibited coalescence. Beyond the critical concentration, the transitional parameters do not change anymore, such as expected and observe din the previous literature. The data obtained from the double fibre optical probe were used to study the local flow characteristics at different radial positions. The optical probe data for c/ct = 0 and 1.17 are compared. There is no remarkable difference between the local void fraction, bubbly frequency and bubble rise velocity in the two cases. However, the bubble mean diameter slightly decreases in the case with NaCl.
In conclusion, the results, in agreement with previous publication in smaller bubble columns, have extended the existing dataset concerning the effects of electrolytes in bubble columns. Further studies may concern higher NaCl concentration as well as the study of other surfactants. Furthermore, it would be interesting to study the bubble size distribution and bubble shape for different operating conditions and different NaCl concentrations by means of an image analyse technique. 
